M ore than 1.6 million new cases of cancer are diagnosed annually in the United States.
py (cEBRT) has been the principal method of delivering radiation to the metastatic spine. 16 However, cEBRT lacks the precision to deliver large radiation doses to the spine without also exposing nearby radiosensitive structures such as the spinal cord. This limits the ability of cEBRT to deliver a cytotoxic dose to a tumor. 9, 11, 14, 15, [22] [23] [24] [25] Stereotactic radiosurgery (SRS), on the other hand, delivers high-dose radiation to spinal metastases while limiting irradiation of the spinal cord. 10, 25, 27 SRS has been shown through multiple studies to be accurate, safe, and effective in providing local tumor control and alleviating pain. 1, 8, 10, 21, 23, 30 SRS therapy has also been shown to improve outcomes independent of tumor histology, which previously had been a limitation with cEBRT as described above. 18 Surgical treatments have undergone a similar evolution, 13 and surgical strategy has been influenced by the success of radiotherapy. In 2005, Patchell et al. 18 demonstrated the superiority of surgical decompression and instrumentation followed by conventional radiation therapy versus radiation therapy alone.
Radiosurgery alone has recently been shown to be an effective noninvasive treatment for spinal metastases with limited epidural compression. 10, 27 In cases of higher-grade epidural compression, however, radiosurgery may not offer a safe or effective strategy for tumor control and decompression of neural elements. For these cases, operative decompression can be used as a tool to allow for appropriate radiosurgical treatment. This method has been shown to be a safe and effective method for local disease control. 5, 6, 8, 14 The current paradigm at our institution, as described by Bilsky and colleagues, [5] [6] [7] [8] 14 is to consider each patient in terms of neurological function, oncological histology and prognosis, the mechanical stability of the spine, and systemic disease and medical comorbidities (NOMS). A patient's neurological function is usually directly related to the degree of epidural spinal cord compression (ESCC) caused by tumor growth (Fig. 1) . Those with high-grade ESCC and/or mechanical instability undergo debulking and instrumentation, or "separation surgery," to create a tumor-free margin around the thecal sac and to stabilize the spine. 6, 18 High-dose SRS may be used as the primary therapy if a safe margin exists between the spinal cord and tumor on initial imaging, eliminating the need for surgery.
This paradigm has shown greater efficacy for tumor control, neurological outcome, and duration of response when compared with cEBRT, regardless of tumor histology. 16 In this study, we evaluated the efficacy of radiosurgery with or without separation surgery for treatment of oligometastatic disease at our institution in a series of consecutive patients.
methods

Study design
An institutional review board-approved retrospective chart review from January 1, 2007, to December 31, 2011, was undertaken to identify patients treated at our institution for metastatic spine disease who had ESCC and underwent either radiosurgery alone or surgical decompression followed by adjuvant radiosurgery. In instances in which patients were treated for more than 1 lesion, each focus of treatment was considered as a separate case in our analysis.
Surgery
Patients with high-grade ESCC (Grades 2 and 3, Fig.  1 ) or those with a pathological fracture and clinical signs of mechanical instability underwent separation surgery. A single surgeon (J.W.) treated all lesions. The primary goal of surgery was epidural decompression and spinal stabilization. Gross-total resection was not attempted in any case. Surgery consisted of epidural tumor debulking and partial or complete vertebrectomy from a posterolateral approach. Pedicle and/or lateral mass screw fixation as well as placement of titanium cages or methyl methacrylate were used as appropriate. Instrumentation was placed at least 2 levels above and below the level of decompression. Titanium anterior support implants were used in a minority of cases. Local autologous bone and allograft were used in all patients.
Stereotactic radiosurgery
Patients presenting with low-grade ESCC (Grades 0 and 1, Fig. 1 ) without evidence of mechanical instability underwent SRS as primary therapy using the Varian Trilogy Linear Accelerator (Varian Medical Systems, Inc.). For these patients, MRI was blended to CT simulations for planning purposes. Gross tumor volume (GTV) was contoured to include all osseous, paraspinous, and epidural tumors. Clinical tumor volume (CTV) was contoured to include any contiguous nondiseased elements of the vertebral body. In general, the CTV prescription dose was 80% of that delivered to the GTV.
For patients with high-grade ESCC, CT myelography performed postoperatively was used to contour a GTV that included any residual epidural and paraspinal disease. A CTV was contoured to preoperative tumor volume and contiguous elements of the diseased vertebral body rather than residual disease, as described by Bilsky. 5 Image-guided radiotherapy was given as a single fraction or in a hypofractionated scheme. Because the radiosurgery literature has demonstrated consistent efficacy regardless of tumor histology, dose prescription was made independent of histology. The dose and fractionation scheme was based on tumor volume and extent of epidural disease. Epidural disease limited to Grade 0 or 1 spanning fewer than 3 vertebral segments was typically treated with a single fraction, ranging from 16 to 23 Gy. The initial dosing in our series was 16 Gy in a single fraction. To obtain increased efficacy, dosing was escalated after safety was established. The decision to hypofractionate the dose was based on the extent of disease or a history of previous radiotherapy at the same segment. In general, if the volume of tumor involved 3 or more vertebral segments, a 3-fraction scheme was used. If radiotherapy had previously been performed, a 5-fraction scheme was used. Patients in whom surgery had been performed were generally treated in a single fraction unless the above conditions warranted fractionation.
Prior to 2010, the maximum point dose to the spinal cord was 12 Gy for single fractions, 14 Gy for 3 fractions, and 9 Gy for 5 fractions. In 2010, a series of guidelines published by the American Association of Physicists in Medicine Task Group 101 3 influenced our treatment paradigm. The maximum radiation point dose to the spinal cord after the implementation of these guidelines was 14 Gy for single-fraction treatments, 21.9 Gy for 3 fractions, and 30 Gy for 5 fractions.
imaging and Follow-up
Patients underwent follow-up at 3-month intervals after SRS with serial gadolinium-enhanced MRI. These images were reviewed at the time of treatment by the senior surgeon (J.W.) and a neuroradiologist, and based on the findings tumors were assigned to one of 2 categories: 1) regression or stability of local tumor volume or 2) local progression of disease. The date of last imaging or the date of imaging showing local recurrence was used to determine the duration of local control. Date of death or last clinic visit was used to determine the length of follow-up. End points were neurological outcome and local radiographic disease control.
Statistical analysis
The Kaplan-Meier method was used to create estimates of overall survival. Patients were censored according to follow-up and death in calculations of percentile risk.
Confidence intervals were calculated using an alpha value of 0.05. A univariate regression analysis was performed to assess the significance of factors that might influence the primary end points. Statistics were generated using SPSS (version 21, IBM).
results
A total of 63 patients treated from January 1, 2007, through December 31, 2011, were identified, but 6 of these patients were lost to follow-up. Therefore, a total of 57 patients with 69 lesions were included in this analysis. Twenty-one lesions were treated with surgical decompression followed by SRS, and 48 lesions were treated with SRS alone. At patient death or latest follow-up, 63 of 69 cases (91.3%) had local disease control, and the remaining 6 cases (8.7%) demonstrated radiographic progression. Tables 1 and 2 show patient demographics and locations of the tumors treated. The majority of cases (65%) involved single-level disease and 22% had 2-level disease. Table 3 shows the histology and rates of local failure of the tumors treated. The 6 patients with local recurrence are described in Table 4 ; 3 were from the SRS+surgery group and 3 were from the SRS-only group. The mean time to recurrence was 8.1 months (range 2.5-16.6 months). There were recurrences within each of the fractionation schemes in the study. Three instances were found on surveillance imaging and were asymptomatic, and one of these actually occurred outside the SRS field in the paraspinous musculature. Two patients presented with radicular symptoms and worsening pain. One patient had imaging studies as part of a workup for a new foot drop, which revealed recurrence, but the foot drop was ultimately found to be caused by peroneal nerve compression in the popliteal fossa. Further treatment was determined on a case-by-case basis and consisted of observation, resection, or re-resection as needed.
A univariate regression analysis was performed to assess which factors might predict recurrence. The following variables were analyzed: treatment type (SRS alone vs SRS+surgery), age (< 60 vs ≥ 60 years), histology, region of spine involvement, number of levels treated, prior conventional radiation, fractionation (hypofractionated vs single), and dose (hypofractionated 20, 27, or 30 Gy and single fraction 16 Gy vs 20-22 Gy). None of the variables were found to be statistically significant factors in predicting recurrence.
The median length of follow-up was 9.8 months in the SRS-only group, 13.7 months in the SRS+surgery group, and 10 months overall. Of the 48 cases in the SRS-only group, 43 (90%) had a stable Frankel grade, and the re- There were 5 fractures (7.2%) overall; hypofractionated therapy was performed in 4 of the 5 cases, and single-fraction therapy was performed in the remaining case. None of the patients who received SRS and surgery sustained a pathological fracture. The most common histological findings were renal cell, breast, and lung carcinomas, which accounted for 66% of the cases (Table 3 ). There was 1 recurrence in the breast/lung/renal cell group. There was 1 case of mild esophagitis that resolved within 3 months. There were no cases of radiation-induced myelopathy. There were 2 cases of durotomy in the surgical group, both of which were closed primarily with no further sequelae. Data on pain were available for 45 of 69 cases (65%), with an overall average visual analog scale score decrease of 3.4 ± 2.6 (median 3) following treatment.
The median overall time to recurrence was 9.6 months (range 2.5-16.6 months). A total of 32 patients (56%, median follow-up 6.6 months) died; of these, 3 had local (Fig. 2) . Overall, there was a 5.8% risk of local failure at 1 year. Tables 5 and 6 show the percentage risk of local failure at 1 year for the SRS-only and SRS+surgery groups and subdivide them by fractionation scheme. The 1-year risk of failure for SRS alone was 4.2% and for SRS+surgery was 9.5%.
discussion
The goals of treatment for metastatic spinal disease are palliative in nature and consist of alleviating pain, providing mechanical stability, maintaining or improving neurological function, and achieving durable local tumor control. Patchell et al. 18 and Bilsky 5 demonstrated that surgery combined with cEBRT was superior to radiation therapy alone in achieving these goals. More recently, high-dose, single-fraction SRS has also been shown to be a safe and effective palliative treatment independent of tumor histology. 1, 10, 22, 27, 29 SRS following separation surgery is also safe and effective. 17, 19 A study in 2010 demonstrated better results for those receiving higher doses of SRS following surgery. 17 Recently, Laufer et al.
14 reported a series of 186 patients with ESCC treated with SRS and surgery. This is the largest series to date showing the efficacy of separation surgery followed by adjuvant SRS. Importantly, the authors demonstrated that high-dose hypofractionated (24) (25) (26) (27) (28) (29) (30) Gy in 3 fractions) therapy provided a benefit in local tumor control compared with low-dose (18-36 Gy in 5 to 6 fractions) hypofractionated adjuvant therapy. The rate of recurrence in the high-dose hypofractionated group was lower than that in the single-fraction group, although it was not statistically significant.
The objective of this study was to evaluate the efficacy of our approach to treatment of oligometastatic disease to the spine. This includes SRS alone for patients with minimal ESCC and separation surgery followed by SRS for patients with high-grade ESCC. Those receiving SRS alone had a 1-year risk of local failure of 4.2% (95% CI 1.6%-10.1%). This result is similar to those found in previous studies by Gerstzen et al. 10 and Yamada et al. 29 Gerstzen et al. presented 500 consecutive lesions treated with moderate-to high-dose (15-22.5 Gy) singlefraction SRS with a median follow-up of 21 months. 10 The authors reported long-term tumor control of 88% for all cases, and 100% in breast, lung, and renal cell metastases when SRS was delivered as the primary therapy. Our series demonstrates a 95.8% (46 of 48) local control rate when using SRS alone. Furthermore, after subdividing our patients with breast, lung, and renal cell cancer there was only a single recurrence in a patient with renal cell carcinoma (Table 4) . The rates of recurrence in this subgroup are consistent with the findings presented by Gerstzen et al. 10 In our series there were 21 cases of surgery followed by adjuvant SRS with a 1-year rate of local failure of 9.5% (Table 6 ). This is the same rate of failure at 1 year as reported by Moulding et al. in 2010. 17 Recently, Laufer et al.
14 reported a series of 186 patients with ESCC treated with SRS and surgery, which is the largest series to date showing the efficacy of separation surgery followed by adjuvant SRS. Importantly, the authors demonstrated that highdose (24-30 Gy in 3 fractions) hypofractionated therapy provided a benefit in local tumor control compared with low-dose (18-36 Gy in 5-6 fractions) hypofractionated adjuvant therapy. Additionally, the rate of recurrence in the high-dose hypofractionated group was lower than the single-fraction group, although not statistically significantly.
Our study shows a difference in local progression between single-fraction and hypofractionated therapy in patients who also underwent surgery (0% vs 28.6% 1-year risk of local failure); however, this difference was not statistically significant. Any conclusion about the greater efficacy of single-fraction over hypofractionated radiotherapy may, therefore, be premature based on our results and those from the recent study by Laufer et al. 14 Additionally, we did not identify any factors that could predict which patients might experience a recurrence.
The limitations of this study include the retrospective nature of data collection, small sample size, and single institution analysis, thus limiting generalizability. Another clear limitation of this study is the limited duration of follow-up. This study population has a limited lifespan because of the nature of metastatic disease. Nonetheless, this should not detract from the demonstrated efficacy of such a palliative approach until the time of death. Further investigations can use these data to develop studies that are more adequately powered to investigate SRS with or without surgery as an effective treatment in preventing local progression and preserving neurological function.
conclusions
In this retrospective case series, SRS represents a safe, viable, and effective method in managing spinal metastases independent of tumor histology. It was especially effective for the most common histological entities of breast, lung, and renal cell carcinoma. We identified no predictors of treatment failure in this series. SRS alone was a reliable and effective option in treating patients with low-grade ESCC. In patients with high-grade ESCC requiring surgical decompression, SRS was an effective adjuvant therapy in preventing local progression and preserving or improving neurological function.
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